ABSTRACT In this study, we examined the dosedependent effects of the formula on Newcastle disease virus (NDV). In in-vitro test, the formula within safety concentration scope and NDV were added into cultured chick embryo fibroblast in 3 modes, and the cellular A 570 values were determined by MTT (3-(4, 5-dimethyithiazol-2-yl)-2, 5-diphenyltetrazolium bromide) method. In in-vivo test, we examined the expression of interferon-induced transmembrane protein 3 (IFITM3) and Interferons (IFNs) in NDV-infected chickens. The results showed that the highest virus inhibitory rates of the formula at optimal concentration group were the highest (15.625 mg/mL) in postadding and simultaneous-adding drug and virus modes, whereas medium concentration (7.813 mg/mL) showed the highest virus inhibitory rates in pre-adding drug mode. In vivo, the formula significantly upregulated the expression of IFITM3 in NDV-infected chickens at 3-D post-infection. However, the levels of IFNs were significantly downregulated. On days 5 and 7 postinfection, the levels of IFNs quickly upregulated. Moreover, the formula can significantly upregulate the antibody to resist the NDV compared with model control group on days 5 and 7 post-infection. In animals treated with the formula, the survival rate was nearly 37% higher at 7 d post-infection. We also found that the formula had a significantly stronger effect than a single herb on upregulating the expression of IFITM3. It confirmed that the formula could significantly inhibit the infectivity of NDV to chick embryo fibroblast. Also, the formula could significantly upregulated IFITM3 expression and inhibited virus replication in NDV-infected chickens. During the early stage of infection, IFNs were consumed to stimulate IFITM3 to inhibit virus replication, whereas during later stages of the infection, the formula upregulated the levels of IFNs and their antibodies to maintain a high level of immunity.
INTRODUCTION
Newcastle disease is one of the most important agricultural diseases in terms of the number of poultry livestock units lost. Based on the clinical signs they induce C 2018 Poultry Science Association Inc. Received April 23, 2018. Accepted November 21, 2018. 1 These authors contributed equally to this work. 2 Corresponding author: shining@scau.edu.cn in chickens, Newcastle disease virus (NDV) strains have been classified into the following 3 strains: velogenic (high virulence), mesogenic (moderate virulence), and lentogenic (low virulence) (Alexander, 2000) . Newcastle disease virus has been confirmed to infect over hundred species of birds (Kaleta and Kummerfeld, 2012) , and virulent NDV (vNDV) strains can easily be found in pigeons (Diel et al., 2012) . The most important point to consider is that pigeons and poultry can transmit vNDV to each other (Abolnik et al., 2004; Merino et al., 2009) . The clinical symptoms observed in a NDV infection depend on multiple factors, such as the host species that is infected with vNDV, the immunity of the host, and the amount of the vNDV. Newcastle disease has been a constant threat to poultry all over the world, in spite of the varieties of ND vaccinations (Alexander et al., 2012; Chen et al., 2013) . In addition to morbidity and mortality (the mortality may reach to 100%), this virus also has a strongly negative effect on the productivity of remaining birds, in which it can cause poor feed conversion, reduced egg production, decreased fertility, and reduced hatchability of eggs (Liu et al., 2012) . The most effective method to prevent ND is vaccine 1993 immunity. However, vaccines lose their effects, which are reduced by more than 50% when strains mutate (Jiang et al., 2010) . Although some broad-spectrum drugs can be used as anti-viral agents, their advantages are reduced with overutilization (Feeley et al., 2011) .
Although the pathogenesis of different NDV strains has been extensively studied (Brown et al., 1999; Cattoli et al., 2011; Ecco et al., 2011; Susta et al., 2011) , host innate immune responses during NDV infection remain unexplored. Recent studies have shown that in both in vitro and in vivo experiments, members of the interferon-inducible transmembrane (IFITM) protein family potently restrict the replication of multiple pathogenic viruses (Everitt et al., 2012; Smith et al., 2013) . Within the IFITM family, interferon-inducible transmembrane 3 (IFITM3) plays a key role in inducing deficiency in viral infections. Everitt showed that IFITM3 expression acted as an essential barrier to influenza A virus infection both in vivo and in vitro (Everitt et al., 2012) .
Previous studies have reported that the Traditional Chinese Medicine have antiviral effect (Kong, et al., 2006) . Fan' study showed that epimedium polysaccharide and propolis flavone can inhibit the cellular infectivity of NDV and improve the curative effect of ND in chicken (Fan et al., 2011) . Moreover, baicalin phospholipid complex can act against duck hepatitis A virus type 1 (Chen, et al., 2018) . In this study, a formula was used to treat severe respiratory disease, such as influenza, cough, and detoxication. The formula was derived from parts of the following plants: Folium isatidis (Fi), Forsythia suspense (Fs), Scutellaria baicalensis Georgi (SbG), Houttuynia cordata Thunb (HcT), and Lonicerae japonicae Flos (LjF) ( Table 1) . Therefore, antiviral activity is only one aspect of the formula's activity. The composition of the formula is shown in Table 1 . In a previous study, the herbs contained in the formula were shown to act as a safe and effective antiviral medicine (Hour et al., 2013; Chiow et al., 2016) . In this article, we examined the dose-dependent effects of the formula on NDV and the expression of IFITM3, Interferons (IFN)-α, IFN-β, and IFN-γ in NDV-infected chickens. We further assessed the effects of different methods of decocting the formula.
MATERIALS AND METHODS

Virus and Reagents
NDV from the chicken isolate GM was originally isolated from Guangdong Province (GenBank acces- R Premix, and sample protector were purchased from Takara Biotechnology Co. Ltd. (Dalian). The Interferon-α Assay Kit, Interferon-β Assay Kit, and Interferon-γ Assay Kit were purchased from the Nanjing Jiancheng Bioengeering Institute. Eagle's minimum essential medium (Gibco, USA) mixed with penicillin (Gibco, USA) 100 IU/mL, streptomycin (Gibco, USA) 100 IU/mL, and 5% fetal bovine serum (Gibco, USA) was used for culturing the cells; 2% fetal bovine serum; maintenance medium (MM) was used for diluting the formula and maintaining the cells. Hank's solution (Gibco, USA) was used for washing the chick embryo tissue shiver and cells. Trypsin (Amresco-0858) was dissolved with calcium and magnesium-free phosphate-buffered saline (CMF-PBS, pH 7.4) into the concentration of 0.25%. MTT (Amresco Co.), 3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide, was dissolved with CMF-PBS (pH 7.4) into 5 μg/mL. These reagents were filtered through a 0.22 μm millipore membrane filter.
Experimental Herbs
The components used in the formula were purchased from Jinkang pharmacy, Wushan Street, Guangzhou. All the herbs were soaked in 20 volumes of distilled water (v/w) for 30 min. First, Fi, Fs, and SbG were mixed and boiled for 15 min. Houttuynia cordata Thunb was then added, and the solution was boiled for 5 min. Finally, LjF was added, and the solution was boiled for 10 min. We also boiled each of the 5 herbs alone. The suspensions were centrifuged (4000 rpm, 30min), and the supernatants were decompressed and concentrated to a final density of 0.5 g/mL.
Cytotoxicity Analysis
Chick embryo fibroblasts (CEF) were prepared with 9-day-old specific pathogen free chicken embryo. The cells were diluted into 1 × 10 6 /mL with 5% minimum essential medium and inoculated into 96-well culture plates at 37.5
• C in a humid atmosphere of 5% CO 2 for use. When CEF grew into monolayer after cultivation about 24 h, a series of concentrations were added into the plates, respectively, 8 wells for each concentration. At the same time, cell control group (only adding MM) and blank group (no cell) were designed. After cultivation for 44 h at 37.5
• C in a humid atmosphere of 5% CO 2 , 30 μL of MTT was added into each well, after continuously incubated for 4 h, the supernatant was removed and 100 μL of dimethyl sulfoxide (DMSO) was added. The plates were shaken for about 1 min to dissolve the crystals completely. The absorbance at 570 nm (A 570 value) of each well was measured by microliter enzyme-linked immunosorbent assay reader.
Antiviral Assays
According to the result of safety concentration test, the formula was diluted into 6 concentrations from 15.625 to 0.488 mg/mL with MM, respectively (Table 2) . When CEF grew into monolayer, the formula and NDV solution were added in 3 drug-adding modes, respectively.
Pre-adding Drug First formula solution was added into the CEF plate, 100 μL per well and 8 wells per concentration. After incubated for 2 h at 37.5
• C, the formula solution was removed, the well was washed twice with Hank's solution and the virus solution was added.
Post-adding Drug First the virus solution was added into CEF plate, after incubated for 2 h at 37.5
• C, the virus solution was removed, the cells were washed twice with Hank's solution, formula solutions were added, 8 wells per concentration.
Simultaneous-adding Drug and Virus The formula solution and virus solution were mixed and incubated for 2 h at 37.5
• C, then added into CEF plate, 8 wells per concentration.
At the same time, the NDV control group (only adding virus), cell control group (only adding MM), and blank group (no cell) were designed. All the plates were placed into 5% CO 2 incubator at 37.5
• C. When the NDV control group appeared obviously cytopathic (48 h), the CEF livingness (A 570 value) was measured by the MTT method. The virus inhibitory rate was calculated based on the formula: Virus inhibitory rate = (A formula +virus −A virus control )/(A cell control −A virus control ) × 100%. The A 570 values and virus inhibitory rate were considered as the indicator of antiviral activity.
Experimental Animals and Grouping
Female chickens were purchased from Guangdong Wens Dahuanong Biotechnology Co. Ltd. when they were 10 D old. The animals were housed in the Experimental Animal Center of South China Agriculture University with a 12 h light or dark cycle at a constant temperature of 30 ± 2
• C. The chickens were acclimated for 1 wk before the experiments were initiated. All experimental procedures used in this study were approved by the Animal Ethics Committee of the South China Agricultural University (Guangzhou, China). The care and use of all animals were performed according to the Guidelines for Animal Experiments of the South China Agricultural University.
In experiment 1, 90 chickens were randomly divided into the following 3 groups (n = 30/group): the Model Control Group (MC), the Low Dose Group (LD), and the High Dose Group (HD). The LD and HD groups were orally administered the formula at doses of 1 g/Kg or 2 g/Kg once a day for a week after NDV challenge. The MC group was orally administered normal saline for a week instead. We repeated the above experiment to evaluate mortality.
In experiment 2, 180 chickens were randomly divided into the 6 following groups (n = 30/group): the group Fi, the group Fs, the SbG, the group HcT, the group LjF, and the Formula Group (Formula). The chickens in the above groups were used to determine differences in the expression of IFITM3 that was induced by different kinds of herb.
All groups were orally administered the formula at doses of 1 g/Kg once a day for a week. At 1, 3, 5, and 7 d post-infection, 5 chickens from each group were euthanized, and the spleens and blood were promptly collected from these chickens. All spleens were frozen in liquid nitrogen for 2 h before they were stored at −86
• C in preparation for RNA extraction. Blood samples were collected into a sterile tube to enable the evaluation of serum levels of factors of interest and for further biochemical index detection (IDEXX VetTest Chemistry Analyze, USA).
RNA Extraction, cDNA Preparation, and Real-time PCR
Total RNA was extracted from all samples. It was then stored at −86
• C. Total RNA was reversetranscribed to cDNA using a PrimeScript RT reagent Kit (Takara Biotech, Dalian, China). The relative expression level of IFITM3 was determined using realtime PCR in a DNA Engine 7500 Continuous Fluorescence Detection System (Applied Biosystems, CA, USA) using a SYBR R Premix Ex Taq TM Kit (Takara Biotech, Dalian, China). Primers were designed for IFITM3 and β-actin based on sequences obtained from the NCBI database (accession nos: NM 02,5378.2 and NM 0,07393.3). The following primer sequences were synthesized:
The BETA-actin Forward primer: -CCCCATGCCATCCGTCTGReverse primer: -CCTCGGGGCACCTGAACCTCTCThe IFITM3 gene Forward primer: -TATGGGAGGACAGCGAAGATReverse primer: -ACAACGGGAGGTAGAGAAACACThe melting curves for each PCR were carefully analyzed to avoid the non-specific amplification of PCR products. The relative expression level of IFITM3 was calculated by normalizing the levels of the gene transcripts to the levels of β-actin transcripts using a relative standard curve method and the 2−ΔΔCt formula. The data were analyzed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
The Expression of IFNs and Antibody Detection
Interferons were tested using an ELISA kit (Cusabio, Houston, TX, USA; http://www.cusabio.com/). Indices were tested according to the manufacturer's instructions. Blood was collected and antibody levels were then tested using the HA/HI method.
Statistical Analysis
The results are expressed as the mean ± standard error. Statistical analyses were performed using a two-tailed indirect Student's t tests in SPSS 19.0 for Windows (SPSS, Inc., Chicago, IL, USA). Statistical analyses of multiple comparisons were performed using one-way ANOVA with Bonferroni's corrections.
* P < 0.05 was considered to indicate statistical significance, and * * P < 0.01 was considered to indicate highly significant.
RESULTS
The Cytotoxicity of Formula
The A 570 values of every group were listed in Table 2 . The A 570 values of formula at 7.813 mg/mL group were not significantly lower than those of the corresponding cell control group (P > 0.05).
Antiviral Activity of the Formula in Different Methods
The A 570 values of every group were listed in Table 2 . The A 570 values of post-adding drug and simultaneousadding drug and virus at 15.625 to 7.813 mg/mL group were significantly higher than those of the corresponding virus control group (P < 0.05), meanwhile preadding drug at 7.813 to 3.906 mg/mL group were significantly higher than those of the corresponding virus control group (P < 0.05). The highest virus inhibitory rates of formula were illustrated in Table 2 . Pre-adding drug (95.5%) at 7.813 mg/mL, post-adding drug (155.1%) and simultaneous-adding drug (285.1%) at 15.625 mg/mL group presented the highest virus inhibitory rate.
The Effect of the Formula on Chickens Infected with Newcastle Disease
As shown in the Table 2, the mortality rate in chickens treated with the formula was lower than the rate in the MC group. The HD group showed the most effectively downregulated mortality (P < 0.01).
The Influence of Formula on Three Different IFNs and IFITM3
As shown in Figure 1 , the expression level of IFN-α was measured in serum using ELISA. Our data showed that on day 3 the expression level of IFN-α was significantly lower in the LD group than in the MC group (P < 0.05). The LD group also had significantly lower expression levels IFN-α than were observed in the HD group on day 3 (P < 0.01) and day 5 (P < 0.05) post-infection. On day 7 post-infection, the LD group had a significantly higher level of IFN-α expression (P < 0.01). However, there was no significant difference in the expression level of IFN-α between the HD and MC groups. The expression levels of IFN-β and IFN-γ were significantly different from the expression of IFN-α on day 3 post-infection. Our data indicate that the expression level of IFN-β was significantly lower in the LD group than in the HD group on day 3 postinfection (P < 0.05). However, there were no significant differences between the LD group, the HD group and the MC group on days 1, 5, and 7 of post-infection. Moreover, the data also indicate that the expression level of IFN-γ was significantly lower in the LD group than in the HD and MC groups on day 3 post-infection (P < 0.01). In summary, a significant trend was observed in which the expression levels of IFNs decreased during the early stage and increased during the later stage when the chickens were treated with LD. However, no significant trend was observed in the HD group. Conversely, the trend observed for IFITM3 expression was significantly different from that of the IFNs. The expression level of IFITM3 was higher in the LD group than in the HD and MC groups on day 3 post-infection. There was no significant difference between the LD group, the HD group, and the MC group on days 1, 5, and 7 of post-infection. When we duplicated the research, we found the same trend about the expression of IFNs and IFITM3.
The Influence of the Formula on Humoral Immunity
As is shown in the Figure 2 , the formula significantly upregulated antibody levels at later stages of the infection. There was no significant difference between the LD group, the HD group, and the MC group on days 1 and 3 post-infection. However, on days 5 and 7 postinfection, in both the LD group and the HD group, antibody levels were significantly higher than the levels in the MC group (P < 0.01).
The Expression of IFITM3 Following Treatment with Different Kind of Herbs
As shown in Figure 3 , the formula resulted in significantly higher levels of expression of IFITM3 than were observed following treatment with a single herb group. Our data indicate that there was no significant difference between the effects of single herbs and the formula on days 1, 3, and 7 of post-infection. However, Figure 2 , the formula can significantly upregulate the level of antibody at later stage. There was no significant difference between the LD group, HD group, and MC group on day 1 and 3 after infection. However, both LD group and HD group were significantly upregulated the level of antibody than that in the MC group on day 5 and 7 after infection (P < 0.01). Figure 3 , the formula can significantly upregulate the expression level of IFITM3 than single herb group. Our data indicated that there is no significant difference between single herbs and formula on day 1, 3, and 7 after infection. However, the expression level of IFITM3 in Formula group was significantly higher than that in other single herb groups (P < 0.01). Also, Folium Isatidis group (FI) was significantly upregulated the expression level of IFITM3 than other single herb groups (P < 0.05).
the expression level of IFITM3 was significantly higher in the Formula group than in the single herb groups (P < 0.01) on day 5 post-infection. Also, in the Fi group, the expression level of IFITM3 was significantly higher than it was in any other single herb group (P < 0.05).
DISUSSION
In this study, the formula was prepared based on Traditional Chinese Medicine Theory, which is used in clinics to treat severe pulmonary diseases such as influenza, cough, and detoxication. Previous studies have shown that the herb in the formula has significant antiviral activity (Kong, et al., 2006; Chiow et al., 2016) . However, the mechanism by which the formula treats NDV infection is not fully understood.
Based on A 570 value, we figured out the maximal safety concentration of formula was 15.625 mg/mL (Table 2) . In this experiment, 3 drug-adding modes were designed. They are respectively corresponding to prevention, treatment, and sterilization of 3 clinical administrations. During pre-adding drug, the A 570 values of formula at 7.813 mg/mL group was significantly higher than those of the corresponding virus control group, which indicated that it could prevent NDV infection at proper dose. During post-adding drug, the A 570 value of formula at 15.625 mg/mL group was significantly higher than that of the corresponding virus control group, which indicated that formula could treat NDV infection. During simultaneous-adding drug and virus, the A 570 values of formula at 15.625 mg/mL concentration group was significantly higher than those of the corresponding virus control group, which indicated that they could directly kill NDV at definite concentration (Table 2 ). These results confirmed that herbal medicine had significant antiviral effect in three drugadding modes.
The former and latter researches showed that this model was successful at inducing mortality and that the formula significantly decreased mortality, especially in the HD group (Table 2 ). In addition, we also found that IFN-α, IFN-β, and IFN-γ levels were significantly decreased in the LD group on day 3 post-infection. Meanwhile, the expression level of IFITM3 was significantly higher in the HD group than in the LD and MC groups on day 3 post-infection (Figure 1) .
IFITM3 was identified in a functional genomic screen as a factor that mediated resistance to infection with the influenza A virus, the dengue virus, and the West Nile virus in vitro. However, the in vivo roles of the IFITM proteins in anti-viral immunity have not been explored. The expression of the IFITM3 mRNA in spleen tissues and the expression of the IFN-α, IFN-β, and IFN-γ proteins were measured using real-time RT-PCR and ELISA, respectively. Our results show that during the early period of infection, the expression levels of IFN-α, IFN-β, and IFN-γ were significantly lower in the LD group than in the HD group. However, the expression level of IFITM3 was significantly higher in the LD group than in the HD group (Figure 1 ). These data suggest that during the early period of infection, LD group can stimulate IFN to produce IFITM3 to inhibit virus replication. However, we cannot be sure which IFN(s) was/were working affecting this process. Additionally, during the later stage of infection, the LD group can upregulate the expression level of IFN to maintain a high level of immunity in the host. At later stages of infection, the expression levels of antibodies were significantly higher in LD group and the HD group than in the MC group (Figure 2) . Considering the mortality and morbidity observed in the LD and HD groups, we can conclude that humoral immunity plays an important role during the later stages of infection. Additionally, we analyzed the expression level of IFITM3 in formula compared with single herbs. Obviously, the formula can significantly upregulated the expression level of IFITM3 in spleen on 5d.
In summary, our results demonstrate that the formula could significantly inhibit the cellular infectivity of NDV, and improve the curative effect of ND in chicken. During the early period of infection, the effect of the formula was to stimulate IFNs to produce enough IFITM3 to inhibit virus replication. However, during the later stage, humoral immunity played a key role in its antiviral effect. The formula has strong advantages over vaccination, including reduced toxic and a lower likelihood of mutation. Therefore, the formula explored in this study may warrant further evaluation as a potential agent for NDV treatment.
